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浓度比为1:6时扩增效果 好， 佳Mg2+浓度为6 mmol・L-1，甜菜碱 佳浓度为
0.4 mol・L-1， 佳dNTP浓度为1.4 mmol・L-1， 适反应温度为64 ℃， 佳反应
时间为60 min。 
(2) Cd、Pb 污染实验表明，利用 LAMP 技术定量测定褐菖鲉肝脏 MT 表达
量与 Real-time PCR 检测结果有高度的一致性，证实了 LAMP 技术应用于重金属
污染样品检测的可行性。且 LAMP 技术具有反应速度快、设备简单、结果易于
鉴定等 Real-time PCR 无法比拟的优势，更适合作为海洋重金属污染的现场监测
方法。 
(3) 褐菖鲉肝脏 MT 对不同浓度 Cd 和 Pb 污染的响应趋势大不相同。MT 对
Cd 污染较敏感，在 8.0 μg・L-1 浓度组被强烈诱导且 mRNA 表达量达到 大值
(P=0.000)，为对照组的 12.27 倍，其余各浓度组与对照组无显著性差异，表明
MT 可以作为 Cd 污染早期预测指标。MT 对 Pb 污染较不敏感，40 μg・L-1浓度















































At present, monitoring of heavy metal pollutions in the marine environment is 
still based on the chemical analysis techniques. Although the chemical analysis 
method would precise quantify the content of heavy metal in organism or in the 
environment, but it cannot reflect the effects of pollutants on organisms and assess the 
potential toxicity caused by the pollutants on marine ecosystems. Therefore, it is 
imperative to find the corresponding biomarkers of environmental pollutants and 
establish specific, low cost, rapid detection method of them. 
In this study, MT gene was cloned from Sebastiscus marmoratus. LAMP 
technology for detecting the MT gene was established and optimized. To study the 
feasibility of LAMP, Sebastiscus marmoratus was exposed to 1.6 μg・L-1, 8.0 μg・
L-1, 40 μg・L-1, 200 μg・L-1, 500 μg・L-1 Cd and Pb, sampled after 7 days. The 
contents of MT mRNA in the liver of Sebastiscus marmoratus were measured by 
LAMP method and Real-time PCR. Simultaneously, the contents of HSPs mRNA in 
the liver of Sebastiscus marmoratus were also measured by LAMP method, filtered 
out the early prediction biomarkers of marine heavy metal pollution. The results 
showed as follows: 
(1) LAMP technology for detecting the MT gene was developed. The data 
showed that the best ratio of outer primers to inner primers was 1 to 6，with 6 mmol
・L-1 Mg2+, 0.4 mmmol・L-1 betaine and 1.4 mmol・L-1 dNTP, the optimal 
amplification condition was at 64  for 60 min.℃  
(2) LAMP Technology test results of MT expression after exposure to Cd and Pb 
is highly consistent with Real-time PCR. Moreover, the LAMP as a novel nucleic acid 
amplification technology rapid, simple equipment and easy identification, which were 
the Real-time PCR incomparable advantages, indicating that the quantitative LAMP 
was suitable to measure marine heavy metal pollution on site. 
(3) MT mRNA in the liver of Sebastiscus marmoratus exhibited different 
dose-effect relations to Cd and Pb pollution. It was more sensitive to Cd pollution. 















the maximum of expression(P=0.000), 12.27-fold to the control group, other 
concentrations were showed no significant difference to the control group, indicating 
that MT can be used as a early predictor for Cd pollution; MT was less sensitive for 
Pb contamination, began to be induced after 40 μg·L-1concentrations, reached the 
maximum of expression in 500 μg・L-1 concentrations and showed no significant 
difference compared with the control group. 
(4) The expression levels of HSPs after expose to Cd and Pb were much variable 
depending on the protein species and pollution concentrations. HSPs were all more 
sensitive to Cd than Pb. HSP70 and HSC70 genes showed better sensitivity and are 
induced under lower concentrations of Cd pollution, HSP70 is raised 
significantly(P=0.000), 54.07-fold to the control group, HSP60 and HSP90 
expressions induced by low Cd concentrations are insignificant or inhibited, their 
transcription levels only rise at high concentrations group, reached the maximum of 
expression in 8.0 μg・L-1 and 40 μg・L-1, respectively; HSP90 and HSC70 genes 
showed better sensitivity of Pb pollution, HSP90 is raised significantly(P=0.003), 4.7 
times of the control group. In less than 500 μg・L-1 concentration groups, the 
expression of HSPs induction or inhibition by Pb were not significant. In 500 μg・L-1 
concentration group, HSP90(P=0.004) and HSP70(P=0.013) were significantly 
induced, 4.27- and 4.69-fold to the control group , respectively.  
Keywords: Loop-mediated isothermal amplification; Metallothionein; Heat shock 


















英文缩写              英文全称                        中文名称 
LAMP      Loop-mediated isothermal amplification       环介导等温扩增技术 
PCR          Polymerase chain reaction               聚合酶催化链式反应 
RACE        Rapid-amplification of cDNA ends         末端快速克隆的技术 
CDS           Coding sequence                      基因编码序列 
GSP            Gene specific primer                   基因特异性引物 
UPM           Universal primer                      通用引物 
NUP           Nested primer                         内嵌引物 
Real-time PCR   Real-time Fluorescence Quantitative PCR  实时荧光定量 PCR 
MT            Metallothionein                        金属硫蛋白 
HSPs           Heat Shock Proteins                    热休克蛋白 
DEPC          Diethyl pyrocarbonate                   焦碳酸二乙酯 
Cd             Cadmium                             镉 
















摘要 ............................................................................................................. I 
Abstract ..................................................................................................... III 
缩略语..................................................................................................... IV 
第 1 章 绪论............................................................................................... 1 
1.1 重金属污染概................................................................................................. 1 
1.1.2 海洋重金属污染现状............................................................................ 1 
1.1.3 Cd 污染的生物学毒性 ........................................................................... 2 
1.1.4 Pb 污染的生物学毒性 ........................................................................... 5 
1.2 海洋重金属污染生物标志物.......................................................................... 6 
1.2.1 金属硫蛋白............................................................................................ 7 
1.2.2 热休克蛋白.......................................................................................... 12 
1.2.3 其他生物指示物.................................................................................. 13 
1.3 环介导等温扩增技术 ........................................................................ 14 
1.3.1 LAMP 原理 .......................................................................................... 14 
1.3.2 LAMP 反应体系 .................................................................................. 16 
1.3.3 LAMP 的应用前景 .............................................................................. 17 
1.4 本研究的目的、意义及主要内容................................................................ 17 
1.4.1 研究目的............................................................................................... 17 
1.4.2 主要意义............................................................................................... 17 
1.4.3 研究内容............................................................................................... 18 
第 2 章 厦门海域褐菖鲉金属硫蛋白基因的克隆 ...................................... 20 
2.1 材料................................................................................................................ 20 
2.1.1 实验用褐菖鲉...................................................................................... 20 
2.1.2 试剂与仪器.......................................................................................... 20 
2.2 实验方法........................................................................................................ 21 















2.2.2 RACE 扩增 cDNA 末端 ...................................................................... 24 
2.3 实验结果........................................................................................................ 31 
2.4 讨论................................................................................................................ 32 
第 3 章 LAMP 技术检测金属硫蛋白基因表达方法的建立 ................... 33 
3.1 实验材料和仪器............................................................................................ 33 
3.1.1 实验动物.............................................................................................. 33 
3.1.2 主要试剂和仪器.................................................................................. 33 
3.2 实验方法........................................................................................................ 33 
3.2.1 模板 cDNA 的制备 ............................................................................. 33 
3.2.2 引物设计.............................................................................................. 33 
3.2.3 LAMP 反应体系及条件的优化 .......................................................... 34 
3.2.4 标准品的制备...................................................................................... 36 
3.3 实验结果........................................................................................................ 36 
3.3.1 引物验证结果...................................................................................... 36 
3.3.2 LAMP 反应体系优化结果 .................................................................. 37 
3.4 讨论................................................................................................................ 40 
第 4 章 Cd 与 Pb 诱导褐菖鲉金属硫蛋白基因的表达 ........................ 42 
4.1 材料与方法.................................................................................................... 42 
4.1.1 实验动物.............................................................................................. 42 
4.1.2 主要试剂与仪器.................................................................................. 42 
4.1.3 实验方法.............................................................................................. 42 
4.2 MT 表达定量.................................................................................................. 43 
4.2.1 LAMP 定量 .......................................................................................... 43 
4.2.2 Real-time 定量 ...................................................................................... 44 
4.3 数据处理........................................................................................................ 44 
4.4 实验结果........................................................................................................ 45 
4.4.1 Cd 诱导后褐菖鲉肝 MT mRNA 的表达变化 .................................... 45 
4.4.2 Pb 诱导后褐菖鲉肝 MT mRNA 的表达变化 .................................... 47 















第 5 章 Cd 与 Pb 诱导褐菖鲉热休克蛋白基因的表达 ........................ 50 
5.1 材料与方法.................................................................................................... 50 
5.2 热休克蛋白表达定量.................................................................................... 50 
5.2.1 LAMP 定量 .......................................................................................... 50 
5.3 实验结果........................................................................................................ 53 
5.3.1 褐菖鲉肝 HSP60 mRNA 基因的表达变化 ....................................... 53 
5.3.2 褐菖鲉肝 HSP70 mRNA 基因的表达变化 ....................................... 54 
5.3.3 褐菖鲉肝 HSC70 mRNA 基因的表达变化 ...................................... 55 
5.3.4 褐菖鲉肝 HSP90 mRNA 基因的表达变化 ....................................... 56 
    5.4 讨论...............................................................................................................57 
第 6 章 结论与展望. ............................................................................................. 60 
6.1 结论................................................................................................................ 60 
6.2 创新点............................................................................................................ 60 
6.3 展望................................................................................................................ 61 
参考文献 ................................................................................................... 62 
发表文章及参加课题 .............................................................................. 70 
















Table of Contents 
Abstract (in Chinese) .................................................................................. I 
Abstract (in English) ................................................................................. III 
List of Abbreviations............................................................................... IV 
Chapter 1 Preface ........................................................................................ 1 
1.1 Marine heavy metal pollution ........................................................................... 1 
1.1.2 Pollution Situation of heavy metal ......................................................... 1 
1.1.3 Biological toxicity of Cd ........................................................................ 2 
1.1.4 Biological toxicity of Pb ......................................................................... 5 
   1.2 Marine pollution biomarkers.............................................................................. 6 
       1.2.1 Metallothionein ....................................................................................... 7 
       1.2.2 Heat shock protein ................................................................................ 12 
       1.2.3 Other biological indicators .................................................................... 13 
1.3 Loop-Mediated Isothermal Amplification ...................................................... 14 
1.3.1 Principle of LAMP method ................................................................... 14 
       1.3.2 Reaction system of LAMP method ....................................................... 16 
       1.3.3 Application of LAMP method ............................................................... 17 
1.4 Significance and main point of the research ................................................... 17 
       1.4.1 Research purposes ................................................................................. 17 
       1.4.2 Main significance .................................................................................. 17 
       1.4.3 Content of the study .............................................................................. 18 
Chapter 2 Cloning of MT gene from Sebastiscus marmoratus  .............. 20 
2.1 Materials ........................................................................................................ 20 
2.1.1 Animal................................................................................................... 20 
2.1.2 Reagents and instruments ..................................................................... 20 
    2.2 Methods.......................................................................................................... 21 
2.2.1 Gene cloning of MT .............................................................................. 21 















    2.3 Results ............................................................................................................ 31 
    2.4 Discussion ...................................................................................................... 32 
Chapter 3 Development of LAMP method to detect the expression of 
MT ............................................................................................................. 33 
3.1 Materials and instruments ............................................................................... 33 
3.1.1 Animals  ............................................................................................... 33 
3.1.2 Reagents and instruments ..................................................................... 33 
3.2 Methods........................................................................................................... 33 
3.2.1 Preparation of the target DNA .............................................................. 33 
3.2.2 Design of the primers ............................................................................ 33 
3.2.3 Optimized conditions for LAMP .......................................................... 34 
       3.2.4 Preparation of the standard ................................................................... 36 
3.3 Results ............................................................................................................. 36 
3.3.1 Results of primer validation .................................................................. 36 
3.3.2 Results of the optimization of LAMP conditions ................................. 37 
3.4 Discussion ....................................................................................................... 40 
Chapter 4 Expression of MT gene from Sebastiscus marmoratus to 
Cd and Pb .................................................................................................. 42 
4.1 Materials and Methods .................................................................................... 42 
4.1.1 Animals  ............................................................................................... 42 
4.1.2 Reagents and instruments ..................................................................... 42 
4.1.3 Methods................................................................................................. 42 
    4.2 Quantitative expression of MT ...................................................................... 43 
       4.2.1 LAMP quantitative ................................................................................ 43 
4.2.2 Real-time PCR quantitative .................................................................. 44 
4.3 Statistical analysis ........................................................................................... 45 
4.4 Results ............................................................................................................. 45 















after exposure to Cd ....................................................................................... 45 
       4.4.2 The expression of MT gene in the liver of Sebastiscus marmoratus 
after exposure to Pb ....................................................................................... 47 
4.5 Discussion ....................................................................................................... 48 
Chapter 5 Expression of HSPs gene from Sebastiscus marmoratus to 
Cd and Pb .................................................................................................. 50 
5.1 Materials and Methods .................................................................................... 50 
5.2 Quantitative expression of HSPS .................................................................... 50 
5.2.1 LAMP quantitative ................................................................................ 50 
5.3 Results ............................................................................................................. 53 
5.3.1 The expression of HSP60 gene in the liver of Sebastiscus marmoratus  
after exposure ................................................................................................. 53 
5.3.2 The expression of HSP70 gene in the liver of Sebastiscus marmoratus  
after exposure ................................................................................................. 54 
5.3.3 The expression of HSC70 gene in the liver of Sebastiscus marmoratus  
after exposure ................................................................................................. 55 
5.3.4 The expression of HSP90 gene in the liver of Sebastiscus marmoratus  
after exposure ................................................................................................. 56 
5.4 Discussion ....................................................................................................... 57 
Chapter 6 Summary and prospection ........................................................ 60 
6.1 Conclusions ..................................................................................................... 60 
6.2 Innovation ....................................................................................................... 60 
6.3 Prospection ...................................................................................................... 61 
Reference .................................................................................................. 62 
Participated project and publication ......................................................... 70 














第 1 章 绪论 
 1















et al., 2002)，美国的旧金山湾，德国的波罗的海海域等(Szefer et al., 2009)。 
2009 年至今，我国已经连续发生了 30 多起重特大重金属污染事件，重金属
污染问题越来越受到人们的关注。我国的香港海域、渤海湾、三亚湾、珠江口海




全监测区 Pb 污染的状况也不容乐观，表现为海水可溶态 Pb 平均含量均超过国
家一级海水水质标准，其中 2002～2004 连续 3 年 Pb 含量均超过国家海水水质二
级标准，且含量呈增加态势，持续长时间大面积的海水 Pb 污染必然会对渤海湾
的生态环境带来负面影响(Verlecar et al., 2006; Kertesz et al., 2006)。黄海涛等
(2009)研究表明：江河湖库底质的污染率高达 80.1％。太湖底泥中 TCu、TPb、
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62.9％，Cu 超标率为 25.9％，Cd 和 Hg 也有明显超标现象。在我国重金属污染
中， 严重的是 Cd、Hg、Pb 和 As。 
1.1.3 Cd 污染的生物学毒性  
  1.1.3.1 Cd 的毒理学效应 
   1.1.3.1.1 引起过氧化损伤 
过氧化损伤是一种重金属等外源环境污染物对生物体的毒性作用(周启星等, 
2004)。过量的环境污染物包括 Cd2+进入机体后，会诱导机体内产生大量的活性
氧自由基(reactive oxygen species, ROS)，包括羟基自由基(•OH)，超氧阴离子自
由基(O2-)和过氧化氢(H2O2)等，这些活性氧自由基进攻不饱和脂肪酸并引发生物
膜的脂质过氧化，导致抗氧化系统的失调和损伤以及酶系统不同程度的破坏(周
启星等, 2004)。同时，过氧化自由基也会攻击核酸分子，造成 DNA 断裂， 终
造成细胞损伤甚至凋亡(周启星等, 2004)。研究发现，Cd2+对细胞内抗氧化酶和巯




   1.1.3.1.2 遗传毒性 
Cd 对生物体具有遗传毒性，其损失的方式与机制也一直是遗传毒理学研究
的热点。Cd 对生物体的遗传毒性机制包括：对核酸大分子的攻击；促进自由基
链式反应；抑制 DNA 损伤的修复；干扰细胞分裂等(赵伟和王强, 1999)。低浓度
的 Cd 能够抑制体内酶的活性并诱导细胞膜的脂质过氧化产生各种活性氧自由
基，这些活性氧自由基会攻击 DNA 大分子，造成 DNA 的断裂，若断裂的 DNA
不能及时修复，DNA 的功能就会受到影响进而损伤遗传物质(赵伟和王强, 1999)；
高浓度的 Cd 会影响核酸内切酶及聚合酶的活性，干扰复制的精确性从而引发
DNA 突变(赵伟和王强, 1999)。另外，Cd 还会够诱导细胞染色体内的同源基因重
组，诱导非程序性的 DNA 合成及促进细胞核微核的形成，对基因产生毒性作用
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